An exact numerical calculation of neutrino emissivity of two and three flavour quark matter have been carried out. We find that the neutrino emissivity obtained from the Iwamoto formula is in qualitative agreement with our calculation for two flavour quark matter. For three flavour case, on the other hand we find that the Iwamoto formula overestimates the numerical values by ∼2 orders of magnitude or more for d decay and agrees with the s decay results within a factor of 3-4. The dependence of the emissivity on temperature, strong coupling constant and baryon density is also quite different from the Iwamoto formula.
( ǫ ) could play a significant role in distinguishing between quark and neutron stars because it differs by orders of magnitude for the two. Particularly ǫ for quark stars is larger by 6-7 orders of magnitude than neutron stars which could lead to faster cooling rate for quark stars, thus reducing their surface temperature. There are, however, a number of other mechanisms ( pion condensation ( Brown 1977 ) and modified URCA processes ( Friman & Maxwell 1979 ) ) proposed to increase ǫ for neutron matter. Iwamoto ( 1980 ) has derived the formula for ǫ using apparently reasonable approximations and this formula has been widely used ( Alcock et al. 1986 , Datta et al. 1988 , Duncan et al. 1983 , Goyal & Anand 1990 to calculate ǫ for two and three flavour quark matter. According to his formula ǫ is proportional to baryon density ( n B ) , strong coupling constant ( α c ) and sixth power of temperature (T) for d quark decay. For s quark decay T dependence of ǫ is same as that for d decay. Furthermore his results show that electron and quark masses have negligible contribution to ǫ and s quark decay ( in case of three flavour quark matter ) plays a rather insignificant role.
In the present letter we want to report an exact numerical calculation of ǫ and a comparison of our results with the Iwamoto formula. Our results show that the Iwamoto formula is in qualitative agreement with our calculation for two flavour quark matter, although it yields ǫ which is 3-4 times larger. However we find that the Iwamoto formula overestimates ǫ by about 2 orders of magnitude or more for three flavour quark matter and hence it should not be used for three flavour quark matter. In the following, we first discuss the equilibrium composition of matter then we sketch the calculation of ǫ and present the results.
The simplest possible processes for neutrino emission in two flavour degenerate quark matter are direct β decay reactions
The chemical equilibrium and charge neutrality implies
and
The baryon density is defined as n B = (n u + n d )/3 where n i = g.p
2 ) is the particle number density. Degeneracy factor g is 6 for quarks and 2 for electron.
For three flavour degenerate quark matter the neutrino emission occurs via d as well as s decay. The s decay reactions are
From equations (1), (2) and (4), the chemical equilibrium and charge neutrality gives
Baryon density is defined as n B = (n u + n d + n s )/3. Thus, given the baryon density, quark and electron number densities and chemical potentials are calculated using the constraints above.
These are then used to evaluate neutrino emissivity.
where
Fermi distribution given by
where G is Weak coupling constant and θ c is Cabibbo angle, E i is the energy and p i is the momentum. In terms of Fermi momentum p F the quark chemical potential µ ( upto lowest order in α c ) is ( Baym & Chin 1976 ) 
where x ≡ p F /m and η ≡ (1 + x 2 ), m being the quark mass. For massless quarks eq (11) reduces to
Since in our calculation we have taken u, d quark masses to be zero and s quark mass to be nonzero ( 150 -200 MeV), the energy momentum relation of quarks is approximated by eq (11) for s quarks and eq(12) for u and d quarks, that is, µ is replaced by E and p F is replaced by p in above eq (11) (12) . This is reasonable as only the energies and momenta close to Fermi surface contribute to the matrix element. For massless electrons E e = p e and the energy delta function is used to perform p e integral. This gives
where θ u , θ e and θ ue are the angles between d and u, d and e and u and e respectively. The momentum delta function in eq(7) is used to integrate over the neutrino momentum p ν . Of the rest of the integrals dΩ d dφ u integral gives 8π 2 and we get
In the above expression (eq (14)) limits for momentum integrals are from 0 to ∞, for cosθ u , cosθ e from -1 to +1 and for φ e from 0 to 2π . However we find that the integrand is a sharply
, φ e ∼ π and certain values of cosθ e and cosθ u (≤ 1). Thus one must ensure that there are sufficient number of integration points in this region. This we have done. We have also ensured the convergence of the integral with respect to the number of integration points and step length for integration.
Two and three flavour ǫ, for different T, α c and n B are given in Tables 1 and 2 ( Iwamoto 1982 , Alcock et al. 1986 , Datta et al. 1988 , Duncan et al. 1983 . We find that with increase in baryon density, electron fraction in two flavour matter increases, which seems to play a crucial role resulting in the increase in ǫ. The calculated ǫ from the Iwamoto formula has also been displayed in Table 1 . A comparison shows that Iwamoto results are larger by factor of 3 or more with the difference increasing with T and n B . Thus we find that Iwamoto formula provides a reasonable approximation to an exact calculation if the difference of a factor of 3-4 is acceptable.
The neutrino emissivity and its dependence on T, α c and n B are entirely different for three flavour quark matter. Here we would like to note that the cases where Iwamoto formula agrees reasonably well with our result, the difference between p f (u) + p f (e) and p f (d) ( or p f (s)) is much larger than the temperature. On the other hand, when this difference is smaller or comparable with the temperature, the Iwamoto formula overestimates the exact result by orders of magnitude. This behaviour is also seen when the temperature is larger.
In order to investigate this further, we have attempted to evaluate the integral approximately. For this we note that the integrand peaks at certain values of the integral variables (
,cosθ e (m) and φ e (m)). We find that a reasonable Gaussian approximation for the integration is
2 dp d(s) dp u dcosθ u dcosθ e dφ e e −α 2
The above integration eq(15) can be performed analytically if the integration limits are from −∞ to +∞ and the result is
We find that for both two and three flavour quark matter, the emissivity from above approximation (eq(16)) are within factor of 2 of our exact numerical results. Further we find that for two flavour case C ∝ T and α i ∝ 1 T
, so that ǫ ∝ T 6 (approximately). For three flavour d decay, C is not linear in T (∼ T 1/2 ) and the dependence of α i 's on T is also different. Thus, in this case the temperature dependence obtained after numerical integration differs significantly from Iwamoto results.
It was first pointed out by Duncan et al. ( 1983 ) that treating electron fraction as a constant
( Y e = 0.01 by Iwamoto ) is not correct and a detailed treatment of the equilibrium composition of quark matter is needed. For a fixed density they solve the chemical equilibrium and number density conditions to get the p F (i) and µ(i). We indeed follow the same method. Thus the neutrino emissivity denoted by ǫ dI(sI) in Table 2 ( a, b ) are essentially the three flavour ǫ calculated by Duncan et al. ( 1983 ) .
Our calculation shows that for 2-flavour quark matter, ǫ calculated from the Iwamoto formula agrees qualitatively with the exact calculation and therefore earlier conclusions ( Alcock et al. 1986 , Datta et al. 1988 , Duncan et al. 1983 , Iwamoto 1982 regarding cooling rates of 2-flavour quark matter are still valid. However for 3-flavour quark matter ǫ is smaller than the results obtained using the Iwamoto formula by 2-3 orders of magnitude or more for d decay and factor of 3 or more for s decay. As a result, ǫ of three flavour quark matter is atleast 2 orders of magnitude smaller than that predicted by the Iwamoto formula. Therefore, the cooling rates of three flavour quark matter are considerably smaller than the rates estimated from the Iwamoto formula.
Our calculation shows that ǫ of two flavour quark stars is about 3 or more orders of magnitude larger than that of three flavour quark stars. Thus, a two flavour quark star will cool more rapidly than a three flavour quark star. On the other hand the dynamics of the quark matter suggests that the three flavour quark matter is most stable ( Witten 1984 ) and a two flavour quark matter will decay into three flavour quark matter by weak interactions. We are not aware of calculations where this decay rate has been calculated. But, as the two to three flavour conversion rate as well as neutrino cooling involve weak interactions, the two rates would be comparable. Furthermore, there are arguments ( Alcock et al. 1986 ) to suggest that quark stars, when formed, may consist of three flavour quark matter. Therefore neutrino cooling rates of quark stars may be much smaller than those suggested from earlier calculations. In this context, we feel that the knowledge of two to three flavour decay rate will be useful. Table 1 . Neutrino emissivity for two flavour quark matter. Here ǫ dI is the emissivity calculated using Iwamoto formula. 
